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Adaptation of the endoplasmic reticulum (ER)
pathway for MHC class I (MHC-I) presentation in
dendritic cells enables cross-presentation of pep-
tides derived from phagocytosed microbes, infected
cells, or tumor cells to CD8 T cells. How these pep-
tides intersect with MHC-I molecules remains poorly
understood. Here, we show that MHC-I selectively
accumulate within phagosomes carrying microbial
components, which engage Toll-like receptor (TLR)
signaling. Although cross-presentation requires
Sec22b-mediated phagosomal recruitment of the
peptide loading complex from the ER-Golgi interme-
diate compartment (ERGIC), this step is independent
of TLR signaling and does not deliver MHC-I.
Instead, MHC-I are recruited from an endosomal re-
cycling compartment (ERC), which is marked by
Rab11a, VAMP3/cellubrevin, and VAMP8/endobre-
vin and holds large reserves of MHC-I. While
Rab11a activity stocks ERC stores with MHC-I,
MyD88-dependent TLR signals drive IkB-kinase
(IKK)2-mediated phosphorylation of phagosome-
associated SNAP23. Phospho-SNAP23 stabilizes
SNARE complexes orchestrating ERC-phagosome
fusion, enrichment of phagosomes with ERC-
derived MHC-I, and subsequent cross-presentation
during infection.506 Cell 158, 506–521, July 31, 2014 ª2014 Elsevier Inc.INTRODUCTION
Major histocompatibility complex (MHC) molecules bind short
peptides and form a complex that is recognized by T cells via
the T cell receptor (TCR) (Blum et al., 2013). This cognate recep-
tor ligand interaction signals T cell activation but does not specify
themicrobial or host origin of the peptide presented. The distinc-
tion comes from T cell costimulatory signals induced by pattern
recognition receptors (PRR) such as TLRs, which signal upon
detection of microbial components (Akira et al., 2006).
Contrary to the regulated expression of costimulatory mole-
cules, formation of the peptide-MHC-I complex is thought to
occur constitutively mainly due to the integral role that peptides
play in proper folding and assembly of MHC-I. MHC-I heavy
chain (HC) that has newly translocated into the ER is chaperoned
by Calnexin and the oxidoreductase ERp57 and associates with
b2-microglobulin (b2 m) followed by interaction with a set of pro-
teins collectively called the peptide loading complex (PLC) (Blum
et al., 2013). The PLC is comprised of ERp57, Calreticulin, the
peptide transporter associated with antigen processing (TAP),
and Tapasin. It mediates translocation of cytosolic proteasome
generated peptides into the ER lumen, peptide trimming, and
loading onto HC-b2m complexes. Because MHC-I are released
from the PLC and exported out of the ER only upon binding of
high-affinity peptides derived from cellular proteins or infecting
viruses, their stable expression at the plasmamembrane is inher-
ently linked to successful MHC-I assembly (Blum et al., 2013).
Apart from this classical presentation of endogenous pep-
tides, peptides from extracellular proteins can also be pre-
sented by dendritic cells (DC) on MHC-I in a process termed
cross-presentation, shown to be critical for immune responses
against microbial pathogens and tumors, as well as peripheral
tolerance (Joffre et al., 2012). Because cross-presentation is
an important process for initiation of CD8 T cell responses, its
regulation has instigated intense investigation. Several reports
have demonstrated that PRR signaling increases CD8 T cell acti-
vation by cross-presented peptides, a process called cross-
priming (Nair et al., 2011). However, it has been difficult to attri-
bute enhanced cross-priming to increased cross-presentation
per se because PRR signaling promotes phagocytosis, costimu-
lation, and inflammatory cytokine production by DC, all of which
affect T cell activation (Akira et al., 2006; Nair-Gupta and Blan-
der, 2013). While signals from TLRs control presentation by
MHC class II (MHC-II), whether and if so, how TLRs enhance
cross-presentation of peptides derived from phagocytic cargo
is largely unknown (Joffre et al., 2012; Nair et al., 2011; Nair-
Gupta and Blander, 2013).
Different pathways of cross-presentation have been
described andmuch debated. Both vacuolar and cytosolic path-
ways were described, which differ in the site of processing of
internalized proteins irrespective of the location of MHC-I
loading (Joffre et al., 2012). In the cytosolic pathway, internalized
proteins are translocated to the cytosol prior to degradation by
the immunoproteasome. Resulting peptides might be trans-
ported back into phagosomes via TAP for MHC-I loading (Joffre
et al., 2012) or potentially into the ER for loading onto ER-
resident HC-b2m complexes. However, evidence in favor of
MHC-I loading in the ER is currently lacking. In fact, delivery of
the MHC-I PLC from the ERGIC to phagosomes via the SNARE
Sec22b suggests that loading of MHC-I may occur within phag-
osomes rather than the ER (Cebrian et al., 2011; Joffre et al.,
2012). In the vacuolar pathway, internalized proteins are
degraded by endosomal or phagosomal proteases, particularly
cathepsin S, and resultant peptides loaded onto vacuolar
MHC-I, independently of immunoproteasomal degradation and
TAP function (Joffre et al., 2012; Nair et al., 2011; Nair-Gupta
and Blander, 2013; Rock and Shen, 2005).
Here, we identify an important role for communication be-
tween the ERC and the phagosome in cross-presentation. We
discover a major reserve of MHC-I in DC, which resides within
the ERCmarked by Rab11a, vesicle-associated membrane pro-
tein (VAMP)3/cellubrevin, and VAMP8/endobrevin. We find that
MHC-I trafficking to the ERC is regulated by the activity of
Rab11a. Subsequent trafficking from ERC to phagosomes is
controlled by TLR-MyD88-IKK2-dependent phosphorylation of
phagosomal SNAP-23, a synaptosomal-associated protein
known to enable high-affinity interactions between syntaxins
and synaptobrevins/VAMPs. As a consequence, trans-SNARE
complexes between phagosome and ERC are stabilized
ensuring that ERC-deployed MHC-I are specifically routed to
phagosomes engaged in TLR signaling. On the other hand,
the MHC-I PLC is recruited from the ERGIC in a TLR-indepen-
dent manner. Coordinated trafficking from ERC and ERGIC
thus delivers essential components for cross-presentation to
phagosomes during infection. Control of the ERC pathway by
TLR signals favors phagosomes containing microbial proteins
for cross-presentation in the context of TLR-induced T cell
costimulation.RESULTS
TLR Signals Positively Regulate Cross-Presentation of
Peptides Derived from Phagocytic Cargo
To determine the impact of TLR signals on cross-presentation,
we stimulated DC derived from the bone marrow (BMDC) of
wild-type (WT) mice or mice lacking both TLR signaling adaptors
TRIF and MyD88 (Akira et al., 2006) with Escherichia coli ex-
pressing a flagellin-ovalbumin (OVA) fusion protein (E. coli-
OVA). We assessed cross-presentation to CD8+ TCR transgenic
OT-I T cells, which recognize the SIINFEKL peptide from OVA
presented by the H2-Kb MHC-I molecule. T cell proliferation
and cytokine production served as primary readouts, as these
allowed detection of >104-fold lower levels of SIINFEKL-Kb com-
plexes than 25D1.16, the only antibody specific to these
complexes (Figure S1A available online). Whereas WT DC
induced production of IL-2, tumor necrosis factor (TNF)-a
and IFN-g by OT-I cells, little production of these cytokines
was detected in response to Trif/Myd88/ DC (Figure 1A).
Although TLR-dependent costimulation is severely blunted in
Trif/Myd88/ DC (Figure S1B), provision of costimulation in
the form of agonistic anti-CD28 antibody did not rescue T cell
responses to Trif/Myd88/ DC (Figure 1A).
TLR signals accelerate phagocytosis and phagolysosomal
fusion (Nair et al., 2011). However, at 4.5 hr post phagocytosis,
equivalent levels of E. coli were present in WT and
Trif/Myd88/ DC (Figure S1C). We therefore used DC fixed
at this time point for further experiments. OT-I proliferation
and activation were much more pronounced in response to
WT DC, and anti-CD28 did not enable OT-I activation by
Trif/Myd88/ DC (Figures 1B and 1C). Differences in OT-I
proliferation to E. coli-OVA stimulated WT and Trif/Myd88/
DC were independent of the stimulation ratio (Figure S1D) and
could not be attributed to the cytokine milieu as conditioned
medium from WT DC stimulated with E. coli-OVA failed to
improve OT-I proliferation to Trif/Myd88/ DC (Figure 1D).
The costimulation-independent response of OVA-specific hy-
bridoma CD8+ T cells showed similar results (Figure 1E). Splenic
Trif/Myd88/ DC stimulated with E. coli-OVA were also
ineffective at cross-priming OT-I when compared to WT splenic
DC (Figures 1F and 1G). Importantly, Trif/Myd88/ DC could
activate OVA-specific T cells similarly to WT DC when provided
with preprocessed SIINFEKL (Figures S1E and S1F), excluding a
general inability to present peptide. Therefore, cross-presenta-
tion of peptides from microbial phagocytic cargo is inefficient
in the absence of TLR signals.
We examined cross-presentation of peptides derived from
apoptotic cell proteins. We cultured B cells from transgenic
mice expressing membrane-bound OVA with either LPS or
anti-immunoglobulin (Ig) to mimic infected or uninfected cells,
respectively, and UV-irradiated them to induce apoptosis (Fig-
ure S1G). While phagocytosis of apoptotic anti-Ig and LPS-
blasts was comparable between WT and Trif/Myd88/ DC
(Figure S1H), only phagocytosis of apoptotic LPS-blasts
matured WT DC (Figure S1I). Notably, WT DC induced robust
OT-I activation after phagocytosis of apoptotic LPS-blasts, but
not apoptotic anti-Ig blasts (Figures 1H–1J). Correspondingly,
Trif/Myd88/ DC failed to induce appreciable OT-I activationCell 158, 506–521, July 31, 2014 ª2014 Elsevier Inc. 507
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after phagocytosis of apoptotic LPS-blasts even with anti-CD28
(Figures 1H–1J) but presented SIINFEKL peptide as efficiently as
WT DC (Figures S1J and S1K).
We next infected an MDCK cell line expressing the Influenza A
virus hemagglutinin (HA) with HA-deficient (DHA) green fluores-
cent protein (GFP)-expressing Influenza A/WSN/33 virus, which
induces apoptosis upon infection. We induced apoptosis of un-
infected MDCK-HA cells by UV irradiation and confirmed
apoptosis and infection by Annexin V/7AAD profiling and GFP
expression, respectively (Figures S1L and S1M). Only DC that
had phagocytosed virus-infected and not uninfected apoptotic
MDCK-HA activated CD8+ TCR transgenic CL4 T cells, specific
to IYSTVASSL of the influenza HA and even when anti-CD28 was
added (Figures S1N and S1O). We obtained similar results with
apoptotic EL4 cells that had been infected with either Influenza
A WSN/33 or PR/8 viruses (Figure S1P).
E. coli-OVA and apoptotic LPS blasts induced low levels of
CD86 and CD40 in Trif/Myd88/ DC (Figures S1B and S1I,
respectively), indicating that signaling PRR other than TLRs
might be engaged (Nair et al., 2011) and contribute to cross-pre-
sentation. To limit PRR signaling to TLR, we used as phagocytic
cargo streptavidin beads conjugated to a chimeric GFP contain-
ing the MHC-I and MHC-II restricted OVA-derived peptides
(referred to as GFP-OT), with or without biotinylated LPS. Robust
OT-I activation was only induced in response to WT and not
Tlr2/Tlr4/ DC and required the presence of LPS, regardless
of the presence or absence of anti-CD28 (Figures 1K–1M).
Collectively, our results using different types of phagocytic
cargo, strongly suggest a critical role for TLR signals in biogen-
esis of the cross-presented peptide-MHC-I complex.
MHC-I Molecules Are Selectively Enriched on
Phagosomes Containing TLR Ligands
Efficient cross-presentation via either cytosolic or vacuolar path-
ways requires convergence of internalized proteins with the
MHC-I PLC and many steps along the way could be regulated
by TLR signaling (Lugrin et al., 2014; Nair et al., 2011; Wagner
et al., 2012). Critical, of course, is the presence of sufficient
MHC-I molecules for loading with processed peptides. We
therefore examined whether TLR signaling might control recruit-
ment of MHC-I to phagosomes.
We treatedWT or Trif/Myd88/DCwith streptavidin beads
conjugated or not to biotinylated LPS and examined cellular
MHC-I localization using a conformation-dependent antibody,
AF6-88.5, that detects fully assembled MHC-I H2-Kb. Across a
single confocal z stack spanning the midplane of the beads,
we observed dramatic MHC-I enrichment selectively on phago-Figure 1. TLR Signals Enhance the Cross-Presentation of Peptides De
(A–M) Cross-presentation of SIINFEKL from E. coli-OVA (A–G) and OVA+ apoptot
were cultured ± condition medium (CM) from WT DC fed E. coli-OVA. Cross-pre
LPS and given to WT or Tlr2/Tlr4/ DC (K–M). OT-I CD8+ T cells were added
used except in (F) and (G) where splenic CD11c+ DC were isolated from WT or T
(A, G, H, and K) IL-2, IFN-g, and TNF-a production by OT-I and (E) CD8OVA cell
(B, D, F, I, and L) FACS analyses showing CFSE dilution profiles of OT-I cells. Pe
(C, J, and M) Percent CD69+ and absolute numbers of OT-I cells.
Asterisks denote undetectable cytokines. Data are representative of four or more
Figure S1.somes bearing beads conjugated to LPS (beads/LPS) (Figures
2A and 2B). This enrichment was dependent on TLR signals,
as phagosomes bearing beads without LPS and phagosomes
in Trif/Myd88/ DC bearing beads/LPS failed to acquire
MHC-I, despite acquisition of lysosomal-associated membrane
protein (LAMP)-1 (Figures 2A and 2B). MHC-I levels in the collec-
tive z stacks were similar in all cases (Figure 2A, z projection).
These findings were confirmed by western blot analyses of
phagosomal proteins (Figures 2C and 2D). MHC-I was enriched
only in phagosomes carrying beads/LPS and only in WT DC and
not Trif/Myd88/ DC. MHC-I levels in total cell lysates (TCL)
(Figures 2C and 2D) and on the cell surface (Figure 2E) were
comparable in all cases at this time point (3 hr), and so were
the levels of phagosomal (Figures 2C and 2D) and total cellular
LAMP-1 (data not shown). MHC-I and LAMP-1 were enriched
in 15 mg phagosomal lysates compared to 40 mg TCL, but ER
resident ERp72 or the cis-Golgi resident ER-Golgi SNARE
YKT6 were not (Figures 2F and 2G), attesting to negligible
contamination by Golgi or ER in our phagosome preparations.
TLR4 engages both MyD88 and TRIF signaling (Akira et al.,
2006), but MHC-I accumulation around beads/LPS bearing
phagosomes was impaired selectively in Myd88/ compared
to Trif/ DC (Figures 2H and 2I) and so was cross-presentation
(Figure S2). MyD88-dependent TLR2 also induced MHC-I
enrichment around phagosomes carrying beads conjugated to
the TLR2 ligand Pam2CSK4 (Figures 2J and 2K). Thus, TLR-
dependent MyD88 signals lead to MHC-I enrichment specifically
on phagosomes carrying TLR ligand.
DC Contain Large Intracellular Pools of MHC-I that Are
Excluded from the ERGIC and Traffic to Phagosomes
Distinctly from Sec22b
Theoretically, MHC-I enrichment on TLR ligand bearing phago-
somes could be explained by increased trafficking to phago-
somes or an inability to exit phagosomes. As TLR signaling
enhances surface levels of MHC-I over time (Figure S1B) as
well as cross-presentation to CD8 T cells (Figure 1), the first
explanation is most likely. We thus investigated how TLR
signaling might mediate phagosomal MHC-I recruitment.
Because of the critical role for Sec22b in delivery of PLC pro-
teins from the ERGIC to phagosomes (Cebrian et al., 2011), we
tested whether MHC-I, which is chaperoned by the PLC from
ER to the ERGIC (Donaldson and Williams, 2009) would also
be recruited to phagosomes in this manner. Unlike MHC-I,
Sec22b was enriched on phagosomes regardless of TLR
signaling (Figures 3A and 3B). Indeed, similar levels of Sec22b
and the ERGIC-specific lectin ERGIC-53 were present inrived from Phagocytic Cargo
ic B cells (H–J) by C57BL/6J wild-type (WT) or Trif/Myd88/ DC. In (D) cells
sentation of SIINFEKL from GFP-OT protein-coated 3 mm beads conjugated ±
to DC except in (E) where CD8OVA T cell hybridomas were used. BMDC were
rif/Myd88/ mice. Anti-CD28 (aCD28, 0.5 mg/ml) were added as indicated.
s as measured by ELISA.
rcent proliferating cells shown adjacent to gates.
experiments. In the bar graphs, data are represented as mean ± SD. See also
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Figure 2. MHC-I Molecules Are Selectively Enriched on Phagosomes Containing TLR Ligands
(A–K) BMDC 3 hr post phagocytosis of beads alone or conjugated to LPS (beads/LPS).
(A) DIC and confocal micrographs showing representative staining for H2-Kb/LAMP-1 for a single confocal z stack. Right panel shows collapsed H2-Kb z
projection of imaged cells shown to the left.
(B) Phagosomes quantified from a total of 75 cells. Results represented as mean ± SEM. ***p < 0.001; N.S., not statistically significant.
(C and D) Western blots (WB) for H2-Kb and LAMP-1 on 15 mg phagosomal lysate/lane. Bottom panels show H2-Kb on 40 mg total cell lysate.
(E) Surface H2-Kb expression on WT and Trif/Myd88/ DC.
(F and G) Same as (C) and (D) but WB here probed for ERp72 and YKT6.
(H and I) Same as (A) and (B) but analyses here extended to Trif/ and Myd88/ DC. Total MHC-I levels similar in all cases (not shown).
(J and K) Same as (A) and (B) but here WT DC 3 hr post phagocytosis of beads conjugated to Pam2Csk4 compared to beads/LPS.
Scale bars represent 10 mm. Data representative of three or more experiments. See also Figure S2.
510 Cell 158, 506–521, July 31, 2014 ª2014 Elsevier Inc.
Figure 3. DC Contain Large Intracellular Pools of MHC-I Molecules that Are Not Located in the ERGIC
(A–D) WT or Trif/Myd88/ DC 3 hr post phagocytosis of beads alone or beads/LPS.
(A) Confocal micrographs showing DIC and staining for H2-Kb, Sec22b, and LAMP-1.
(B) Quantification (n = 75 cells).
(C and D) Western blots for Sec22b, ERGIC-53, and Calnexin on 15 mg of phagosomal lysate/lane.
(E–G) Confocal micrographs of WT resting DC stained for DAPI, ERGIC-53, Calreticulin, TAP-2, and Calnexin as well as H2-Kb (E) or Sec22b (F). Bar graphs in (G)
depict % colocalization shown for respective markers in boxed insets (Manders’ coefficient).
Scale bars represent 10 mm. Data representative of three ormore experiments. Results represented asmean ±SEM. **p < 0.01, ***p < 0.001; N.S., not statistically
significant.
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phagosomal lysates prepared from WT DC bearing beads/LPS
versus unconjugated beads (Figure 3C) or from Trif/Myd88/
DC bearing beads/LPS (Figure 3D). These results suggest that
TLR-induced enrichment of MHC-I on phagosomes is not
caused by enhanced recruitment from the ERGIC.
Upon further analysis, we noted a concentration of MHC-I in a
single perinuclear pool in resting DC that did not colocalize with
ERGIC-53, Calreticulin, TAP2, or Calnexin (Figures 3E and 3G). A
similar pool of MHC-I that excluded Tapasin and the KDELmotif-
containing ER proteins had previously been observed in primary
human peripheral blood-derived DC, a DC-like cell line, and
murine BMDC (Ackerman and Cresswell, 2003; Delamarre
et al., 2003). Calreticulin and TAP2 did colocalize with Sec22b
in the ERGIC (Figures 3F and 3G) consistent with previous
studies (Cebrian et al., 2011). Notably, Calnexin followed a
similar pattern of colocalization with Sec22b (Figures 3F and
3G) and, like Sec22b and ERGIC-53, was also detected in phag-
osomal lysates regardless of TLR signaling (Figures 3C and 3D).
These results are concordant with the TLR-independent recruit-
ment of ERGIC components to phagosomes and further show
that phagosomal acquisition of Calnexin reflects ERGIC recruit-
ment. Thus, the major pools of intracellular MHC-I in DC are not
in the ERGIC, and fully assembled MHC-I are intracellularly
segregated from proteins of the PLC.
MHC-I Pools in DC Reside in Endosomal
Recycling Compartments
We next sought to identify the compartment whereMHC-I reside
in resting DCbecause thismight be the compartment fromwhich
MHC-I are recruited to phagosomes upon TLR signaling. Plasma
membrane MHC-I are continuously internalized (at least in HeLa
cells) via both clathrin and dynamin independent endocytosis
and a fraction of theseMHC-I recycle to the cell surface (Donald-
son and Williams, 2009; Neefjes et al., 1990). Rab11a regulates
traffic of clathrin-independent cargo from sorting endosomes
into a perinuclear endosomal recycling compartment (ERC) (as
shown in CHO cells) (Ren et al., 1998; Ullrich et al., 1996) and
(as shown in HeLa cells) transport of proteins to the trans-Golgi
network (TGN), which is in close proximity to the ERC (Saraste
and Goud, 2007). In HeLa cells, a dominant negative allele of
Rab11a inhibited recycling of MHC-I (Weigert et al., 2004).
We thus wondered whether the pool of MHC-I in DC in fact
resides in an ERC. Indeed, the major intracellular reserves of
MHC-I in resting DC colocalized with Rab11a in a single perinu-
clear region, although not all Rab11a+ vesicles colocalized with
the perinuclear MHC-I pool (Figure 4A). This MHC-I pool did
not appreciably colocalize with EEA1 or ARF6, markers of early
sorting endosomes (Figure 4A). On the other hand, the MHC-IFigure 4. Large Intracellular Pools of MHC-I in DC Are Contained with
(A–C) Confocal micrographs of WT resting DC stained for (A) H2-Kb and either Ra
graphs depict % colocalization shown for respective markers in boxed insets (M
(D–I) WT or Trif/Myd88/ DC 3 hr post phagocytosis of beads alone or beads/
(D and E) WB for Rab11a and LAMP-1 on 15 mg phagosomal lysate/lane. Bottom
(F) Confocal micrographs showing DIC and staining for H2-Kb, Rab11a and LAM
(G) Quantification (n = 75 cells).
(H and I) As in (F) and (G) but here, DIC and staining for H2-Kb, TGN38, and LAM
Scale bars represent 10 mm. Data representative of three or more experiment
significant. See also Figure S3.pool did markedly colocalize with ERC R-SNAREs VAMP8 and
VAMP3, but not the other R-SNAREs VAMP2/synaptobrevin-2
and VAMP7/synaptobrevin-like protein 1 (Figure 4B) (Stow
et al., 2006). The ERC R-SNAREs colocalizing with MHC-I pools
also colocalized with Rab11a (Figure 4B). Similar to the observa-
tions in HeLa cells (Donaldson and Williams, 2009), a fraction of
Rab11a+MHC-I+ vesicles colocalized with transferrin receptor
(Figure 4C), which can undergo Rab11a-dependent ‘‘long’’
recycling through ERC (Ren et al., 1998; Ullrich et al., 1996). Ra-
b11a+MHC-I+ vesicles also partially colocalized with TGN38, a
marker for the TGN (Figure 4C). In contrast, Rab11a+ MHC-I+
vesicles did not colocalize with the medial-Golgi resident protein
Giantin or lysosomal LAMP-1 (Figure 4C). Therefore, while a
small fraction (35%) of MHC-I may overlap with the ERC-prox-
imal TGN, the predominant MHC-I pools (up to 80%) reside in
an ERC harboring Rab11a, VAMP3, and VAMP8.
After phagocytosis, phagosomes fromWT DC bearing beads/
LPS had acquired higher levels of Rab11a than those bearing
unconjugated beads or phagosomes from Trif/Myd88/ DC
bearing beads/LPS (Figures 4D and 4E, respectively, note that
LAMP-1 levels were equivalent in all samples). These observa-
tions were consistent with previous work describing Rab11a
accumulation selectively around phagosomes bearing TLR4
ligand (Husebye et al., 2010). Increased Rab11a on TLR
engaging phagosomes was not caused by induction of Rab11a
expression, as similar levels of Rab11a (Figures 4D and 4E)
and LAMP-1 (data not shown) were found in TCL. Likewise,
phagosomes bearing beads/LPS in WT DC showed increased
clustering of both Rab11a and MHC-I compared to those
bearing unconjugated beads or to those bearing beads/LPS
in Trif/Myd88/ DC (Figures 4F and 4G). All phagosomes
acquired LAMP-1 (Figure 4F, LAMP-1 quantification similar to
Figure 2B, data not shown), and total MHC-I levels were similar
(as in Figures 2A–2D, data not shown). Rab11a andMHC-I accu-
mulation on phagosomes bearing beads/LPS was also impaired
in Tlr4/ DC (Figures S3A and S3B), directly demonstrating the
involvement of this PRR.
Although some MHC-I and Rab11a colocalized with TGN38
(Figure 4C), we could not detect TGN38 on beads/LPS bearing
phagosomes (Figures 4H and 4I), making the TGN an unlikely
source for phagosome-recruited MHC-I. These results collec-
tively suggested the existence of a TLR-regulated ERC to phag-
osome trafficking pathway that delivers reserves of ERC-resi-
dent MHC-I to phagosomes.
The catalytic subunit of the NADPH oxidase, gp91phox (NOX2),
which promotes phagosomal ROS production and cross-pre-
sentation (Savina et al., 2006), was reported to reside in
Rab11a+ ERC in macrophages and CHO cells (Casbon et al.,in Endosomal Recycling Compartments
b11a, EEA1, or ARF6, and (B and C) H2-Kb, Rab11a, and different markers. Bar
anders’ coefficient).
LPS.
: WB for Rab11a on 40 mg total cell lysate.
P-1.
P-1 on WT DC fed beads/LPS.
s. Results represented as mean ± SEM. ***p < 0.001; N.S., not statistically
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2009). However, it did not appreciably colocalize with MHC-I or
Rab11a in DC (Figure S3C). Instead, NOX2 colocalized with
LAMP-1 (Figure S3D), consistent with previous observations
that gp91phox in DC is present in inhibitory lysosome-related or-
ganelles containing LAMP-1/LAMP-2 and Rab27a (Joffre et al.,
2012). Additionally, the presence of gp91phox on bead-bearing
phagosomes, regardless of their content of TLR ligands, showed
that phagosomal gp91phox recruitment was TLR-independent
(Figures S3E and S3F). The p47phox component of the NADPH
oxidase, which regulates assembly and activity of the multimeric
enzyme complex (Lugrin et al., 2014) did not appreciably coloc-
alize with the Rab11a+MHC-I+ pools either (Figure S3G). Locali-
zation of p47phox in DC followed that of gp91phox (Figures S3H
and S3I, collective MHC-I z stacks in Figure S3J), which is
consistent with the role of gp91phox in localizing p47phox to phag-
osomal membranes (Savina et al., 2006). Given that the ERC in
DC does not contain gp91phox and p47phox, a putative TLR-regu-
lated ERC to phagosome pathway could not be responsible for
phagosomal delivery of these NADPH oxidase components.
Rab11a Expression Is Crucial for TLR-Orchestrated
Phagosomal MHC-I Enrichment and Cross-Presentation
of Peptides Derived from Phagocytic Cargo
Treatment of DCwith Nocodazole, amicrotubule depolymerizing
agent that disperses the ERC from its perinuclear region, scat-
tered the MHC-I reservoir into smaller peripheral pools, which
barely colocalized with Rab11a (Figure S4A). Nocodazole also
impaired cross-presentation (Figures S4B and S4C), suggesting
that an intact ERC is necessary for both phagosomal recruitment
of MHC-I and cross-presentation. A dominant negative Rab11a
allele diminishes localization of transferrin to the ERC (Ren et al.,
1998). We reasoned that Rab11a depletion might similarly
disrupt MHC-I accumulation in ERC. If MHC-I were recruited to
TLR signaling phagosomes from ERC, silencing Rab11a should
then diminish cross-presentation. A short hairpin RNA (shRNA)
against Rab11a reduced its transcript levels in DC by z98%,
while Rab11b transcripts were unaffected (Figure S4D).
Reducing Rab11a expression selectively abrogated IFN-b but
not IL-6 transcription after phagocytosis of E. coli (Figure S4E),
consistent with a previous report (Husebye et al., 2010). Expres-
sion of a different shRNA, Rab11a shRNA-1 ineffective atFigure 5. Rab11a Expression Controls Cross-Presentation of Peptides
(A–J and N–P) WT DC transduced with recombinant lentivirus encoding scramb
transduced with lentivirus expressing control EGFP or Rab11aQ70L (N–P).
(A–F) Cross-presentation of SIINFEKL from either GFP-OT beads (A and B) or E. c
by control or Rab11a-silenced DC.
(G) Phagocytosis of E. coli-RFP (left) and YFP beads conjugated to LPS (B/LPS)
shown.
(H and I) Confocal micrographs and quantification (n = 80 cells) of transduced DC
for H2-Kb and LAMP-1.
(J) Confocal micrographs of resting transduced DC stained with DAPI, cholera to
(K) Quantitative RT-PCR for Rab11a and Rab11b transcripts in sorted CD8a+ an
(L and M) Confocal micrographs of CD11c+ splenic DC stained for CD8a, H2-Kb,
from total 100 CD11c+ splenic DC.
(N) Cross-presentation of SIINFEKL from E. coli-OVA by transduced DC in prese
(O and P) Confocal micrographs of transduced DC at 1 hr (O) or 3 hr (P) post phag
confocal z stack.
Scale bars represent 10 mm. Results represented mean ± SD except in (I) and (M
progenitors were transduced before differentiation into DC (also in Figures 6 andsilencing Rab11a, did not suppress IFN-b transcription (Figures
S4F and S4G).
Rab11a silencing affected neither DC viability (data not shown)
nor the ability to activate OT-I cells when pulsed with SIINFEKL
(Figure S4H). We also observed no discernable changes in sur-
faceMHC-I levels (Figure S4I) and no differences inMHC-I endo-
cytosis (Figure S4J), consistent with intact ARF6 GTPase activity
(Donaldson and Williams, 2009). However, Rab11a silencing
markedly reduced cross-presentation of SIINFEKL from GFP-
OT beads/LPS (Figures 5A, 5B, and Rab11a shRNA-1 in S4K)
and E. coli-OVA to OT-I cells (Figures 5C and 5D). Similarly,
Rab11a-silenced DC were impaired in cross-presentation of
IYSTVASSL from beads/LPS-bound HA to CL4 cells (Figures
5E and 5F). Impaired phagocytosis or lack of IFN-b production
were not confounding factors as we observed no differences in
phagocytosis between Rab11a-silenced DC and scrambled
controls (Figure 5G), and biologically active recombinant IFN-b
did not restore cross-presentation by Rab11a-silenced DC
(Figure S4L). Addition of different concentrations of IFN-b also
failed to rescue cross-presentation by Trif/Myd88/ DC (Fig-
ure S4M), which like Rab11a-silenced DC cannot conduct TLR-
regulated cross-presentation (Figure 1).
Consistent with impaired cross-presentation, MHC-I could no
longer be recruited to phagosomes containing beads/LPS in
Rab11a-silenced DC compared to scrambled controls (Figures
5H and 5I). Notably, silencing Rab11a dissolved the perinuclear
reserves of MHC-I (Figure 5J), while surface MHC-I were unaf-
fected as assessed by confocal microscopy (Figure 5J, colocal-
ization with surface cholera toxin B) and flow cytometry (Fig-
ure S4I). Thus, an intact intracellular pool of MHC-I, regulated
by Rab11a, is critical for TLR-orchestrated cross-presentation
of phagocytic cargo-derived peptides.
CD8a+ DC from Lymphoid Tissue Contain Large
Reserves of MHC-I that Colocalize with Rab11a
CD8a+ DC are one of the most efficient cross-presenting DC
subsets in vivo (Joffre et al., 2012). Notably, Rab11a transcripts
in CD8a+ DC isolated from spleen, lymph nodes, and thymus,
were markedly higher than those in CD4+ DC (Figure 5K).
Confocal microscopy revealed the presence of a Rab11a+ bolus
of intracellular MHC-I selectively in CD11c+ splenic DC that alsofrom Phagocytic Cargo by Stocking the ERC with MHC-I
led or Rab11a-specific shRNA (A–J). Alternatively, WT or Trif/Myd88/ DC
oli-OVA (C and D), and IYSTVASSL from HA beads conjugated to LPS (E and F)
(right) assessed by FACS. Percent CD11c+ DC that internalized labeled cargo
3 hr post phagocytosis of beads alone or beads/LPS showing DIC and staining
xin B subunit (CTB) and H2-Kb.
d CD4+ DC isolated from various lymphoid tissues.
and Rab11a. Cells containing intracellular Rab11a and H2-Kb pools quantified
nce of anti-CD28.
ocytosis of beads/LPS. DIC and staining for H2-Kb/LAMP-1 shown for a single
) where they are depicted as mean ± SEM. ***p values < 0.001. Bone marrow
7). Data are representative of three or more experiments. See also Figure S4.
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stained for surface CD8a (Figures 5L and 5M). Thus, intracellular
Rab11a+MHC-I+ pools are predominantly found in precisely that
DC subset shown to be the most efficient at cross-presentation.
Rab11a Activity Is Important for Maintenance of ERC
Pools of MHC-I and Not for Phagosomal Trafficking
of MHC-I
Expression of a constitutively active (CA) Rab11aQ70L mutant
leads to marked accumulation of transferrin in Rab11a+ ERC
(Ren et al., 1998). We reasoned that, if Rab11a were important
for generating the intracellular depot of MHC-I, expressing CAR-
ab11a might increase the size of this compartment and enhance
cross-presentation even in the absence of TLR signals. To test
these hypotheses, we transduced WT or Trif/Myd88/ DC
progenitorswith control EGFPor Rab11aQ70Lencoding lentiviral
vectors. Increasing Rab11a activity potentiated cross-presenta-
tion inWTDC,butnot inTrif/Myd88/DC(Figure5N).Whereas
phagosomal MHC-I enrichment was first detectable at 3 hr post
phagocytosis of beads/LPS inWTDC, this eventwas accelerated
in DC expressing CARab11a (Figures 5O and 5P). Notably,
despite expression ofCARab11a, no phagosomal MHC-I enrich-
ment was observed around phagosomes in Trif/Myd88/ DC
at either time point (Figures 5O and 5P, similarMHC-I in collective
z stacks in Figure S4N), consistent with the inability ofCARab11a
to rescue cross-presentation by theseDC (Figure 5N). Expression
of CARab11a markedly increased the size of Rab11a+MHC-I+
pools in both WT and Trif/Myd88/ DC (Figure S4O) without
affecting surface MHC-I levels (Figure S4P).
TLR Signals Trigger IKK2-Dependent Phosphorylation
of Phagosomal SNAP23, Leading to MHC-I Recruitment
from ERC
Interestingly, ERC stores of MHC-I were disrupted upon phago-
cytosis in both WT and Trif/Myd88/ DC even though MHC-I
and Rab11a only accumulated on phagosomes in WT DC (Fig-
ure S4N). This shows that MHC-I stores are mobilized in
response to phagocytosis but that a TLR-dependent signal is
required for proper targeting of these stores to the relevant phag-
osomes. The specificity of vesicular transport is controlled to a
large degree by SNARE family members, which mediate mem-
brane fusion of distinct subcellular compartments (Wickner andFigure 6. The TLR-Dependent MyD88-IKK-2-Phospho-SNAP23 Axis Co
(A and B) Confocal micrographs and quantification (n = 90 cells) showing DIC and
post phagocytosis of beads/LPS.
(C) Cross-presentation of SIINFEKL from phagocytic cargo in WT, Vamp8/, or
(D) WB for phosphorylated and total levels of IKK-2 on 40 mg total cell lysate of
shown.
(E) WB for phosphorylated and total SNAP23 on 15 mg phagosomal lysate of WT
(F) Same as (E) but here WT DC, WT DC pretreated with IKK-2 inhibitor (10 mM),
loading control.
(G–J) WT DC untreated or pretreated with IKK-2 inhibitors (10 mM for TPCA-1 and
phagocytosis of indicated cargo. (G and H) Cross-presentation assessed by OT
Quantification (n = 90 cells).
(K–Q) WT or Trif/Myd88/ DC transduced with lentiviruses encoding WT SNAP
from E. coli-OVA by transduced DC in presence of anti-CD28 (aCD28). (M) DIC
post phagocytosis of beads/LPS. (N) Quantification (n = 90 cells). (O and P) DIC an
markers and H2-Kb. (Q) Same as (P), but representative collapsed z stacks for H
Scale bars represent 10 mm. Results represented mean ± SD except in (B), (J), a
representative of three or more experiments. See also Figure S5.Schekman, 2008). Colocalization of perinuclear MHC-I with the
ERC R-SNAREs VAMP3 and VAMP8 (Figure 4B) (Stow et al.,
2006) led us to investigate the recruitment of these SNAREs to
TLR ligand bearing phagosomes. Like Rab11a, VAMP3, and
VAMP8 were enriched on WT DC phagosomes bearing beads/
LPS, implicating these phagosomes as acceptor membranes
for the ERCR-SNAREs in a post fusion cis-configuration (Figures
6A and 6B). Non-ERC R-SNAREs VAMP2 or VAMP7, on the
other hand, were not detected. We observed no reduction of
either TLR-regulated cross-presentation (Figure 6C) or phagoso-
mal MHC-I recruitment (Figure S5A) in BMDC derived from
Vamp3/ or Vamp8/mice. This was true even after additional
shRNA-mediated silencing of VAMP8 in Vamp3/ cells (Figures
S5B and S5C) in an attempt to circumvent the functional redun-
dancy characteristic of SNAREs, which can especially be height-
ened in genetically deficient cells (Borisovska et al., 2005).
Because two to three SNARE molecules are sufficient for mem-
brane fusion (Su¨dhof, 2013), residual VAMP8 in VAMP8-sup-
pressed Vamp3/ DC may have accounted for the unaffected
cross-presentation (Figures S5B and S5C), a possibility consis-
tent with previous observations with SNARE knockdowns (Be-
thani et al., 2009). We thus resorted to investigating the role of
Q-SNAREs on the phagosomal side.
In immune cells, the Q-SNAREs SNAP23 and Syntaxin 4 are
present on phagosomes (Cebrian et al., 2011; Sakurai et al.,
2012) and can interact with one another often forming trans-
SNARE complexes by pairing with VAMP3, VAMP8, VAMP2,
and VAMP7 (Stow et al., 2006). Because Syntaxin 4 in DC can
pair with Sec22b to mediate ERGIC recruitment (Cebrian et al.,
2011), which is TLR independent (Figures 3A–3D), Syntaxin 4
was unlikely subject to TLR regulation. In contrast, SNAP23
was reported not to interact with Sec22b (Cebrian et al., 2011)
and its association with R-SNAREs requires phosphorylation
by IKK2 (Karim et al., 2013; Puri and Roche, 2006; Suzuki and
Verma, 2008), and IKK2 is activated by TLR signaling (Akira
et al., 2006). Indeed, IKK2 was phosphorylated in response to
beads/LPS specifically at 1 hr post phagocytosis and in a
MyD88-dependent manner (Figure 6D). Furthermore, we de-
tected peak phospho-SNAP23 (on Ser-95) in phagosomal
lysates at 90 min post phagocytosis of beads/LPS by WT DC
(Figure 6E), and this was reduced in Trif/Myd88/ and WTntrols Phagosomal MHC-I Recruitment and Cross-Presentation
staining for H2-Kb and different R-SNAREs across one z plane in WT DC 3 hr
Vamp3/ DC.
WT, Trif/Myd88/, Trif/, or Myd88/ DC stimulated or left untreated as
DC stimulated with beads/LPS at different time points.
or Trif/Myd88/ DC at 1.5 hr postphagocytosis of beads/LPS. Actin is the
BMS-345541, 25 mM for Bay11-7082) or control ERK inhibitor (10 mM) before
-I activation. (I) DIC and confocal micrographs for H2-Kb/LAMP-1 staining. (J)
23 or phosphomimetic SNAP23EE. (K and L) Cross-presentation of SIINFEKL
and confocal microscopy for H2-Kb/LAMP-1 staining on transduced DC 3 hr
d confocal micrographs of transduced Trif/Myd88/DC stained for different
2-Kb staining are shown.
nd (N) where they are depicted as mean ± SEM. ***p values < 0.001. Data are
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DC treated with the IKK2 inhibitor TPCA-1 (Figure 6F). Phago-
somes and TCL from all conditions contained similar levels of
total SNAP23 (Figures 6E, 6F, and S5D, respectively).
Consistent with the IKK2-dependent phosphorylation of
phagosomal SNAP23, treatment of DC with IKK2 inhibitors
BMS-345541, TPCA-1, and Bay11-7082 effectively reduced
cross-presentation, whereas a control ERK inhibitor PD184352
did not (Figures 6G and 6H). This defect in cross-presentation
was accompanied by impaired MHC-I and Rab11a recruitment
to phagosomes (Figures 6I and 6J). These results suggest that
phosphorylation of SNAP23 within SNARE pins is a crucial
step for phagosomal MHC-I accumulation and resultant cross-
presentation.
To test whether phosphorylation of SNAP23 is the primary
TLR-dependent event driving cross-presentation, we con-
structed recombinant lentiviruses expressing either WT
SNAP23 or a phosphomimetic SNAP23EE where Ser95 and
Ser120 were mutated to glutamic acid (Suzuki and Verma,
2008). Expression of SNAP23EE increased cross-presentation
by WT DC (Figures 6K and 6L). Strikingly, it also restored
cross-presentation (Figures 6K and 6L) and phagosomal MHC-
I recruitment in Trif/Myd88/ DC (Figures 6M and 6N) without
affecting total MHC-I (representative collective z stacks in
Figure 6Q).
Finally, we used SNAP23EE as reporter bait on Trif/
Myd88/ phagosomes to track recruitment of ERC or TGN
markers. SNAP23EE and not WT SNAP23 selectively recruited,
along with MHC-I, VAMP8 but not VAMP7, and Rab11a but not
TGN38 (Figures 6O and 6P, respectively, quantified in Fig-
ure S5E). Trif/Myd88/ DC expressed similar levels of
VAMP8 and Rab11a as WT DC (Figures S5D and 4E, respec-
tively). These results togetherwith those in Figures 4 and 5collec-
tively show that TLR-dependent SNAP23phosphorylation serves
to orchestrate MHC-I recruitment specifically from the ERC.
Rab11a and Sec22b Play Distinct but Complementary
Roles in Controlling Cross-Presentation
On the basis of our results, we hypothesized that Sec22b
mediates phagosomal delivery of the ER PLC regardless of
TLR signals, while Rab11a functions to load the ERC with
reserves of MHC-I that can be called upon during phagocy-
tosis via a TLR-MyD88-IKK2-phospho-SNAP23 axis. Although
Rab11a silencing impaired MHC-I enrichment on TLR ligand
bearing phagosomes (Figure 7A, consistent with Figure 5H),
Sec22b recruitment remained unaffected (Figures 7A and 7B).
Conversely, Sec22b silencing did not affect Rab11a and
MHC-I recruitment to phagosomes engaged in TLR4 signaling
(Figures 7C and 7D). LAMP-1 acquisition was similar in all cases.
Importantly, suppression of each of these molecules, Rab11a or
Sec22b, individually inhibited cross-presentation of peptide
derived from microbial cargo (Figures 7E and 7F) arguing for a
nonredundant and integral role for each of these proteins in facil-
itating the preparation of phagosomes for cross-presentation.
DISCUSSION
MHC-I are the centerpiece of cross-presentation, but the source
of MHC-I that are loadedwith peptides during either the vacuolar518 Cell 158, 506–521, July 31, 2014 ª2014 Elsevier Inc.or cytosolic pathways of cross-presentation has been elusive.
Proposed sources include the ER, ERGIC, or plasma membrane
(Joffre et al., 2012; Nair-Gupta and Blander, 2013). Our observa-
tions that phagosomal accumulation patterns differ between
Sec22b (TLR-independent) and MHC-I (TLR-dependent) hinted
at the arrival of MHC-I from a source other than the ERGIC.
The ERGIC is a stable subcompartment of the ER into which
ER-derived cargo are shuttled from ER-exit sites to the Golgi
(Appenzeller-Herzog and Hauri, 2006). It functions primarily in
quality control of newly synthesized proteins and notably har-
bors components of the MHC-I PLC (Cebrian et al., 2011) that
ensure MHC-I loading with high-affinity peptides and export to
the plasma membrane (Blum et al., 2013; Donaldson and Wil-
liams, 2009). The intracellular reservoir of MHC-I molecules we
identified in resting BMDC do not colocalize with the lectin
ERGIC-53, Calreticulin, or Calnexin, suggesting they have
already passed ERGIC quality control. These MHC-I are instead
contained within a perinuclear ERC forming large pools that
colocalize with Rab11a, VAMP3, VAMP8, and transferrin recep-
tor. Indeed, we show that this compartment supplies the MHC-I
molecules used for cross-presentation.
An intracellular pool of MHC-I has been observed in human
plasmacytoid DC (pDC), and it colocalizes with transferrin recep-
tor (Di Pucchio et al., 2008). Our findings suggest that this pool
may contribute to the ability of human pDC to conduct prompt
cross-presentation of peptides derived from internalized viruses
(Mathan et al., 2013). Furthermore, the elevated levels of Rab11a
transcripts and the Rab11a+ pools of MHC-I we found specif-
ically in CD8a+ DC may explain the superior cross-presentation
ability of this DC subset (Joffre et al., 2012).
Rab11amaintains preassembled ERC stores ofMHC-I that are
readily recruited to phagosomes flagged by TLR signals. A
smaller fraction of MHC-I also colocalizes with Rab11a to the
TGN in DC. However, concomitant accumulation of Rab11a,
VAMP3, and VAMP8, but not VAMP2, VAMP7, or TGN38, be-
trayed the ERC origin of MHC-I on TLR ligand bearing phago-
somes. A constitutively active GTP-locked form of Rab11a
increased the size of the ERC pools of MHC-I, but unlike the
inability of transferrin to exit back to the plasma membrane in
CHO cells (Ren et al., 1998), MHC-I in DC could still be recruited
out of the ERC to phagosomes. Our results also collectively
demonstrate that, no other source of MHC-I could substitute for
delivering to phagosomes the critical numbers of MHC-I once
TLRs signal infection and increased need for cross-presentation.
Husebye et al. (2010) had reported that Rab11a controls TLR4
trafficking to E. coli carrying phagosomes because Rab11a
suppression significantly inhibited phagosomal accumulation
of TLR4 and its sorting adaptor TRAM, necessary for TRIF
signaling. Likewise, we show that Rab11a expression is critical
for TLR-regulated cross-presentation, but its role is primarily to
traffic MHC-I to the ERC, likely via sorting endosomes (Ullrich
et al., 1996). Rab11a does not control ERC to phagosome traffic
and its accumulation on TLR ligand bearing phagosomes re-
flects recruitment of ERC cargo proteins. Of note, impaired
cross-presentation upon Rab11a silencing is not due to loss of
TRIF signaling because cross-presentation in Trif/DCwas un-
perturbed. Our findings along with those by Husebye et al. (2010)
suggest that vectorial trafficking of MHC-I and TLR4 from ERC
Figure 7. Sec22b and Rab11a Play Distinct but Equally Critical Roles in Mediating TLR-Dependent Cross-Presentation
(A–D) Confocal micrographs and quantification (n = 75 cells) of transduced DC (control or Rab11a-silenced DC (A and B) and control or Sec22b-silenced DC
(C and D) 3 hr post phagocytosis of beads/LPS.
(E and F) Cross-presentation of SIINFEKL from E. coli-OVA by Rab11a or Sec22b-silenced DC, along with control shRNA transduced DC.
Scale bars represent 10 mm. Results represented asmean ± SEM except in (F) where they are shown asmean ± SD. ***p < 0.001; N.S., not statistically significant.
Data are representative of three or more experiments.to phagosomes further remodels those phagosomes to conduct
additional functions like TRIF-mediated signaling and cross-
presentation.
What then is the TLR-regulated step that enables ERC to
phagosome communication? We reveal that trafficking from
ERC to phagosomes in DC is controlled by TLR-MyD88-IKK2-
dependent phosphorylation of SNAP23. SNAP23/Syntaxin/
VAMP complexes constitute the minimal components for mem-
brane fusion (Wickner and Schekman, 2008). Phosphorylation of
SNAP23 by IKK2 stabilizes SNARE complexes in platelets and
mast cells, increasing membrane fusion and granule exocytosis
(Karim et al., 2013; Puri and Roche, 2006; Suzuki and Verma,
2008). In macrophages, SNAP23 regulates phagosome forma-
tion and maturation, contributing to delivery of the NADPH oxi-
dase and v-ATPase complexes (Sakurai et al., 2012). Weshow that, in DC, MyD88-dependent IKK2 phosphorylation of
SNAP23 mediates ERC-phagosome fusion allowing cross-pre-
sentation. Expression of a mutant phosphomimetic SNAP23
was sufficient for phagosomal acquisition of MHC-I along with
ERC resident proteins VAMP8 and Rab11a (recruited with TLR
signals), but not non-ERC resident VAMP7 and TGN38. Compo-
nents of NADPH oxidase, gp91phox and p47phox, are not present
in the ERC in DC and are recruited to phagosomes in a TLR-in-
dependent manner, thus excluding the role of SNAP23-depen-
dent phagosomal delivery of the NADPH oxidase as a potential
additional mechanism that could facilitate cross-presentation.
SNAP23 phosphorylation could induce full zippering of
SNARE pins (Karim et al., 2013) or it may increase SNAP23 bind-
ing to SNAREs, a possibility supported by observations in stim-
ulated mast cells where most of the phosphorylated SNAP23Cell 158, 506–521, July 31, 2014 ª2014 Elsevier Inc. 519
was bound to Syntaxin 4 and VAMP2 (Puri and Roche, 2006).
Although the specific effects of SNAP23 phosphorylation are
not well understood, the net result during phagocytosis by DC
is stabilization of SNARE complexes that potentiate ERC-phag-
osome fusion and orchestrate delivery of ERC cargo to phago-
somes for modulating phagosomal functions.
We observed phagosomal MHC-I enrichment upon both TLR4
and TLR2 signaling, but TLR4 is the only TLR reported so far to
reside in Rab11a+ ERC (Husebye et al., 2010). Although TLR2
colocalized with Rab11a+ structures in human monocytes (Nil-
sen et al., 2008), and accumulation of the TLR9 ligand CpG-A
in transferrin receptor+ endosomes in human pDCwas important
for production of IFN-a (Guiducci et al., 2006), more work is
required to determine whether TLR2, TLR9, and other TLR or
PRR are present in ERC. Although TLR4 and TLR2 have tradi-
tionally been associated with recognition of bacteria, these
PRR have also been implicated in responses to viruses and
can initiate MyD88-dependent IFN-a, which may contribute
toward cross-presentation of viral proteins and generation of
antiviral CD8 T cell responses (Arpaia and Barton, 2011).
The critical contribution of TLR-regulated ERC-phagosome
trafficking to cross-presentation coexists with the constitutive
ERGIC-phagosome pathway and highlights two distinct mecha-
nisms of communication with the phagosome: one delivering
MHC-I from the ERC and the other delivering critical compo-
nents for cross-presentation from the ERGIC. The existence of
a pathway that deliberately delivers MHC-I to phagosomes
speaks in favor of phagosomal peptide loading in the debate
whether MHC-I acquire cross-presented peptides in the ER,
phagosome, or both. In turn, ERGIC recruitment could provide
a solution to the puzzle of how ERC-derived MHC-I become
loaded in phagosomes, namely via recruitment of the MHC-I
PLC to phagosomes (Cebrian et al., 2011). ERGIC recruitment
further bestows on phagosomes three more capabilities: de-
layed phagosomal acidification, export of phagosomal contents
to the cytosol, and TAP delivery, all of which benefit cross-pre-
sentation (Cebrian et al., 2011; Joffre et al., 2012; Nair-Gupta
and Blander, 2013).
The classic pathway of phagosome maturation can now be
updated to incorporate recruitment of the ERC and ERGIC as
separate integral events. The accompaniment of TLR signaling
modulates phagosome maturation not only by enhancing phag-
olysosomal fusion andMHC-II presentation (Nair et al., 2011) but
also by tailoring the phagosome to accumulate sufficient
numbers of MHC-I for optimal cross-presentation.EXPERIMENTAL PROCEDURES
For detailed protocols, see Extended Experimental Procedures.
Cross-Presentation Experiments
E. coli-OVA were added to 13 106 DC cultures (1:100 DC:E. coli ratio for cyto-
kine measurements and 1:25 for other readouts) for 4.5 hr. Apoptotic cells
were added to DC (1 DC:2 apoptotic cells) for 18 hr. GFP-OT or HA protein
was coupled to 3 mm streptavidin magnetic microspheres (Polysciences)
and half of the beads were additionally coupled to 100 mg/ml biotinylated
LPS (Invivogen). Beads were added to DC (1 DC:2 beads) for 5 hr. After stim-
ulation, DCwere fixed, washed, and cocultured with CD8+ T cells isolated from
OT-I or CL4 TCR transgenic mice (1 3 105 DC:2 3 105 T cells).520 Cell 158, 506–521, July 31, 2014 ª2014 Elsevier Inc.Immunofluorescence/Confocal Microscopy
DCwere seeded onto Alcian blue-treated glass coverslips and stimulated with
either streptavidin beads or streptavidin beads conjugated to biotinylated LPS
for 3 hr. Coverslips were fixed and permeabilized prior to staining. Imageswere
acquired on a Leica SP5 DM microscope with a 633/1.4 NA oil immersion
objective.
Phagosome Preparations for Western Blot Analyses
DC were pulsed with equal numbers of magnetic streptavidin microspheres
either conjugated or not to LPS (100 mg/ml) in a 1:2 ratio of DC:beads for the
indicated times. DC were dounce homogenized and phagosomes containing
magnetic beads were isolated using a magnet and resuspended in lysis buffer
in preparation for western blots. Buffer recipes and extensive phagosome
profiling are described in the Extended Experimental Procedures.
Lentiviral Knockdown of Rab11a, Sec22b, and VAMP8/Endobrevin
VSV-pseudotyped lentiviruses encoding shRNAs against Rab11a, Sec22b,
and VAMP8 (Sigma) were generated by calcium phosphate transfection of
293T cells with third generation split packaging plasmids. DC progenitors
were transduced with the recombinant lentiviruses to effectively silence
expression of Rab11a, Sec22b, and VAMP8 and subsequently differentiated
into DC.
Statistical Analysis
Statistical significance was determined by the unpaired Student’s t test and
analysis of variance. **p < 0.01, ***p < 0.001, N.S (not statistically significant)
p > 0.05, asterisk symbols denote not detected.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
five figures and can be found with this article online at http://dx.doi.org/10.
1016/j.cell.2014.04.054.
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